When entering circulation, multi-walled carbon nanotubes (MWCNTs) will inevitably adsorb proteins, which can consequently influence their toxicity to cells lining human blood vessels. In this study, we investigated the influence of pre-incubation with bovine serum albumin (BSA) on internalization, cytotoxicity, oxidative stress and inflammation induced by pristine/carboxylated MWCNTs to human umbilical vein endothelial cells (HUVECs). Atomic force microscopy (AFM) indicated the adsorption of proteins onto the surface of MWCNTs, which consequently increased the diameter. Pre-incubation with BSA did not obviously influence the hydrodynamic sizes, but decreased the zeta potential of MWCNTs. Transmission electron microscopy (TEM) indicated the internalization of both types of MWCNTs into HUVECs, whereas preincubation with BSA appeared to enhance the internalization. MWCNT exposure induced cytotoxicity and oxidative stress, as well as a modest inflammatory response shown as an increased THP-1 adhesion to HUVECs, but not release of interleukin 6 (IL-6) or tumor necrosis factor (TNFa). Exposure to MWCNTs pre-incubated with BSA induced less cytotoxicity to HUVECs, associated with increased intracellular glutathione (GSH). However, MWCNTs induced IL-6 and TNFa release, as well as THP-1 adhesion to HUVECs, were enhanced after pre-incubation with BSA. In summary, these data indicated that preincubation with BSA could enhance the internalization of MWCNTs to HUVECs, which consequently reduces the cytotoxicity and oxidative stress, but enhances the inflammatory response of MWCNTs. The reduced cytotoxicity and oxidative stress, and enhanced inflammatory responses are likely due to a combined effect of BSA and MWCNTs, which suggests that when assessing the biological effects of MWCNTs in circulation, it is necessary to consider the interactions between MWCNTs and serum proteins.
Introduction
Multi-walled carbon nanotubes (MWCNTs) are carbon based nanoparticles (NPs) with a high aspect ratio. Since their discovery, they have become one of the most popular carbonaceous materials used, not only in commercial products (such as microelectronics), 1,2 but also in nanomedicine for drug delivery and bio-imaging. 3, 4 The applications of MWCNTs in nanomedicine require urgent and thorough assessment of adverse health effects of MWCNTs to ensure their safe use. In particular, the toxicity of MWCNTs to the vascular system should be carefully assessed, since the vascular system is required to deliver NPs to realize their medicinal purpose. 5, 6 Indeed, there have been reports showing the adverse health effects of MWCNTs to the vascular system, such as induction of oxidative stress, 7 promotion of endothelial activation 8 and acceleration of foam cell formation. 9 Still, more work is needed to investigate the interactions between MWCNTs and the vascular system both in vivo and in vitro. 10 When entering a biological microenvironment, NPs could rapidly adsorb bio-molecules, which could critically inuence the biological effects of NPs. One of the most studied examples is the adsorption of serum proteins, which has been shown to deeply inuence the colloidal aspects of NPs, as well as the interactions between NPs and cells. 11, 12 This is also the case for MWCNTs. 13 For example, Cai et al. 14 and Shannahan et al. 15 revealed complex protein corona formation when MWCNTs were incubated with biological uids, and the binding efficiency was dependent on the physicochemical properties of NPs. Zhao et al. 16 found diameter-dependent adsorption of bovine serum albumin (BSA) to MWCNTs, and the formation of protein corona consequently reduced the cytotoxicity of MWCNTs to astrocytes. In another study, Bai et al. 17 showed that the adsorption of ovalbumin (OVA) to MWCNTs promoted macrophage activation, which indicated that MWCNTs pre-incubated with BSA could be used in the delivery of antigens. However, relatively few studies investigated the inuence of protein corona formation on the toxicity of MWCNTs to cells lining blood vessels. De Paoli et al. 18 showed that the adsorption of different plasma proteins to MWCNTs greatly inuenced the interactions between MWCNTs and human blood platelets. However, more studies are needed to understand the inuence of serum proteins on MWCNT induced toxicity to other types of cells in blood vessels.
The lumen of human blood vessels is covered by a thin layer of endothelial cells (ECs), which are the rst contact for NPs entering circulation. Thus, it has been suggested that the interactions between NPs and ECs should be carefully assessed, even though only some of NPs were aimed at targeting ECs.
5,6
Moreover, ECs play a pivotal role in the regulation of blood vessel function, and assessment of the toxicity of NPs to ECs may provide important information about the development of vascular diseases, such as atherosclerosis. 5, 9 In this study, human umbilical vein endothelial cells (HUVECs) were used as the in vitro model for ECs, and the inuence of pre-incubation with BSA on the interactions between MWCNTs and HUVECs was studied. Pristine and carboxylated MWCNTs were used, because it has been suggested that the surface chemistry of NPs could inuence NP-protein interactions.
5,11
Atomic force microscope (AFM) was used to indicate the change of diameter of the MWCNTs due to the pre-incubation of BSA. Moreover, the change of hydrodynamic sizes and zeta potential of MWCNTs due to the incubation with BSA were also measured. To indicate the inuence of BSA pre-incubation on MWCNT-HUVEC interactions, the internalization, cytotoxicity, oxidative stress, release of inammatory cytokines and monocyte adhesion to HUVECs induced by MWCNTs, with or without pre-incubation with BSA, was investigated.
Materials and methods

Cell culture
HUVECs (passage 1) were purchased from ScienCell Research Laboratories (Carlsbad, CA) and cultured in supplemented endothelial cell medium (ECM) as we described previously.
19
THP-1 monocytes (ATCC) were cultured in supplemented RPMI1640 medium as we previously described. 20 
MWCNT preparation
The pristine MWCNTs (code: XFM19) and carboxylated MWCNTs (code: XFM21) were purchased from Nanjing XFNANO Materials Tech Co., Ltd (Nanjing, China). The physicochemical properties of XFM19 and XFM21 from the supplier are summarized in 
Hydrodynamic size and zeta potential
The MWCNT suspensions were prepared as indicated above, and then diluted to 16 mg mL À1 in Milli-Q water or 0.125% BSA.
The hydrodynamic size distribution and zeta potential were measured using a Zetasizer Nano ZS90 (Malvern, UK).
Transmission electron microscopy (TEM)
TEM was used to indicate the internalization of MWCNTs. Briey, cells were seeded at 5 Â 10 5 on 60 mm diameter cell culture Petri dishes and grown for 2 days before exposure. The MWCNT suspensions were prepared as indicated above, and the cells were exposed to 64 mg mL À1 XFM19 or XFM21, with or without pre-incubation with BSA in serum free medium. Aer 6 h exposure, the cells were rinsed once and then scratched by using a cell scraper. Aer centrifuge, the cells were xed with 2.5% glutaraldehyde in PBS overnight, post-xed with 1% OsO 4 for 3 h, dehydrated in a graded series of ethanol, and embedded in epoxy Resin (Epon 812). The samples were then sectioned using an ultramicrotome at 70 nm, placed on carbon lm supported by copper grids, stained with uranyl acetate and lead citrate, and observed under a TEM (JEM-1230, JEOL Ltd., Tokyo, Japan) operated at 80 kV.
Cytotoxicity (CCK-8 and neutral red uptake assays)
The cytotoxicity of MWCNTs to HUVECs was assessed by CCK-8 (cell counting kit-8) and neutral red uptake assays. CCK-8 has been developed as a substitute for the commonly-used MTT assay to reect mitochondrial activity. 19 Neutral red uptake assay is a commonly used assay to reect the damage sustained to lysosomes. 21 Both of the assays were done by using commercial kits following the manufacturer's instructions (Beyotime, Nantong, China). Briey, 2.0 Â 10 4 per well HUVECs were seeded in 24-well plates and grown for 2 days before exposure. Aer that, the cells were incubated with 64 mg mL À1 XFM19 or XFM21 with or without pre-incubation with BSA in serum free medium. Aer incubation for 6 h, the cells were rinsed once with Hanks' solution, and then the CCK-8 and neutral red uptake assays were done according to the manufacturer's instructions. The products were read by an ELISA reader (Synergy HT, BioTek, USA).
Oxidative stress
The oxidative stress in HUVECs was assessed by the measurement of intracellular glutathione (GSH) and ROS. The intracellular GSH was measured by using a uorescence probe monochlorobimane (MCB; Sigma-Aldrich), which can be used to estimate GSH due to the formation of a uorescent GSH-MCB adduct catalyzed by glutathione S-transferase. 22 The intracellular ROS was measured using DCFH-DA, which can form a uorescent product upon reaction with intracellular ROS.
23
Both of the assays were performed as previously described.
23,24
Briey, 1 Â 10 4 per well HUVECs were seeded on 96-well black plates and grown for 2 days prior to exposure. MWCNTs were prepared as indicated above, and the cells were incubated with 64 mg mL À1 XFM19 or XFM21 with or without pre-incubation with BSA in serum free medium. Aer 6 h exposure, the cells were rinsed once, and then incubated with 50 mM MCB or 10 mM DCFH-DA in serum-free medium for 30 min. 23, 24 Aer rinsing once again, the uorescence was read at Ex 360 AE 44 nm and Em 460 AE 40 nm (for GSH), or Ex 485 AE 20 nm and Em 528 AE 20 nm (for ROS) by an ELISA reader.
ELISA
The supernatants from CCK-8 or neutral red uptake assays were collected. To free the interference from MWCNTs, the medium was centrifuged at 16 000 Â g for 30 min, and the supernatants were collected and stored at À20 C within one month before analysis. The release of interleukin-6 (IL-6) and tumor necrosis factor a (TNFa) was measured by an ELISA kit according to the manufacturer's instruction (Neobioscience Technology Co., Ltd., China). The detection limits are IL-6 3.9 pg mL À1 and TNFa 7.8 pg mL À1 . The concentrations of cytokines in all the samples were higher than the detection limits.
THP-1 adhesion
The adhesion of THP-1 monocytes to HUVECs was performed as previously described. 25 Briey, HUVECs on 96-well black plates were exposed to 64 mg mL À1 XFM19 or XFM21 either preincubated or not pre-incubated with BSA in serum free medium for 6 h. THP-1 monocytes were labeled with 10 mM CellTracker™ Green CMFDA (5-chloromethyluorescein diacetate, Invitrogen, Carlsbad, CA), and 5 Â 10 4 per well labeled THP-1 cells were incubated with the exposed HUVECs for another 1 h for adhesion. Aer that, the unbound THP-1 cells were washed away, and the green uorescence from the adherent THP-1 cells was read at Ex 485 AE 20 nm and Em 528 AE 20 nm by an ELISA reader.
Statistics
All the data were expressed as means AE S.E. (standard error) of means of four to ve independent experiments (n ¼ 3). Two-way ANOVA followed by a Tukey HSD test were used to compare the difference by using R 3.3.3. The p value < 0.05 was considered as statistically signicantly different.
Results
The topography of MWCNTs
The topography of two types of MWCNTs, with or without preincubation with BSA, was investigated by AFM. As shown in Fig. 1A , both XFM19 and XFM21 showed a smooth surface when they were not pre-incubated with BSA. With the incubation with BSA, the surface of both types of MWCNTs became relatively coarse. The diameter of MWCNTs was increased aer incubation with BSA (Fig. 1B) .
Hydrodynamic size and zeta potential of MWCNTs
The distribution of hydrodynamic size and zeta potential of both types of MWCNTs with or without pre-incubation with BSA is shown in Fig. 2 . Without pre-incubation with BSA, the average hydrodynamic sizes of XFM19 and XFM22 are about 245 nm and 210 nm, respectively. With the pre-incubation with BSA, the hydrodynamic sizes of both MWCNTs were not obviously changed. Both types of MWCNTs have a negative zeta potential, and the pre-incubation with BSA further decreased the zeta potential of both types of MWCNTs (Table 2 ).
Internalization of MWCNTs
The internalization of MWCNTs was observed by TEM and representative images are shown in Fig. 3 . Without preincubation with BSA, the internalization of XFM19 (Fig. 3A) and XFM21 (Fig. 3C) could be observed, which appeared to be freely distributed in cytosol. With the pre-incubation with BSA, there appeared to be more internalization of XFM19 (Fig. 3B) and XFM21 (Fig. 3D) .
Cytotoxicity
The cytotoxicity of MWCNTs, with or without the pre-incubation with BSA, to HUVECs is shown in Fig. 4 . For the CCK-8 assay (Fig. 4A) , exposure to 64 mg mL À1 XFM19 or XFM21 without the pre-incubation with BSA was associated with signicantly decreased cellular viability (p < 0.01). Aer pre-incubation with BSA, only XFM19 (p < 0.05), but not XFM21 (p > 0.05), showed signicantly decreased cellular viability. Meanwhile, the cellular viability of HUVECs aer exposure to 64 mg mL À1 XFM19 (p < 0.05) or XFM21 (p < 0.01) pre-incubated with BSA was signicantly higher than that induced by the exposure to MWCNTs without pre-incubation with BSA. For neutral red uptake assay, no signicantly decreased neutral red uptake was observed aer exposure to XFM19 or XFM21 with or without the pre-incubation with BSA (p > 0.05; Fig. 4B ).
Oxidative stress
As shown in Fig. 5A , exposure to XFM19 (p < 0.05) or XFM21 (p < 0.01) not pre-incubated with BSA signicantly decreased the intracellular GSH. Meanwhile, the intracellular GSH in HUVECs aer exposure to XFM21 pre-incubated with BSA was signi-cantly higher than that in HUVECs aer exposure to XFM21 not pre-incubated with BSA (p < 0.01).
For intracellular ROS (Fig. 5B ), exposure to both types of MWCNTs with or without pre-incubation with BSA was associated with signicantly increased intracellular ROS in HUVECs (p < 0.01).
The release of IL-6 and TNFa
The release of IL-6 and TNFa is shown in Fig. 6 . For the release of IL-6 (Fig. 6A) , signicantly increased IL-6 release was only observed aer exposure to XFM19 or XFM21 pre-incubated with BSA (p < 0.01). The release of IL-6 in HUVECs aer exposure to both types of MWCNTs pre-incubated with BSA was signi-cantly higher than that induced by the exposure of MWCNTs not pre-incubated with BSA (p < 0.01). For the release of TNFa (Fig. 6B) , BSA or XFM19 pre-incubated with BSA signicantly promoted the release of TNFa (p < 0.05). In contrast, exposure to XFM21 did not signicantly affect the release of TNFa (p > 0.05).
THP-1 adhesion
As shown in Fig. 7 , exposure to both types of MWCNTs with or without the pre-incubation with BSA signicantly promoted THP-1 adhesion to HUVECs (p < 0.01). 
Discussion
The blood is rich in proteins, therefore investigation of adverse health effects of NPs to ECs should consider the interactions between proteins and NPs. 5, 6 In this study, we investigated the inuence of pre-incubation with BSA on HUVEC-MWCNT interactions. It was shown that both pristine and carboxylated MWCNTs were covered by BSA, which in turn led to increased diameters and decreased zeta potential of MWCNTs. MWCNTs were internalized into HUVECs, and the internalization was increased aer MWCNTs were pre-incubated with BSA. Preincubation with BSA reduced the MWCNT induced cytotoxicity and depletion of GSH. However, MWCNT induced inammatory response in HUVECs were increased aer preincubation with BSA.
We rst used AFM to indicate the topographic changes of MWCNTs due to the pre-incubation with BSA. Aer preincubation with BSA, the surfaces of both types of MWCNTs became relatively coarse (Fig. 1A) . Moreover, the diameters of MWCNTs were increased aer pre-incubation with BSA (Fig. 1B) . In combination, these results indicated the formation of a protein corona. This is generally in agreement with previous studies showing the formation of protein corona onto carbonaceous NPs by AFM. [26] [27] [28] Some studies indicated that the surface functionalization could inuence the formation of the protein corona on MWCNTs. For example, it has been previously shown that more proteins were adsorbed onto the surface of carboxylated CNTs compared with the pristine ones. 15 In another study, it was shown that more proteins were adsorbed onto the surface of NPs if the proteins were modied to generate an additional carboxyl group. 29 However, in this study we found that the diameters of both pristine and carboxylated MWCNTs were equally increased following pre-incubation with BSA (Fig. 1B) . In addition, pre-incubation with BSA did not obviously change the hydrodynamic size, but decreased the zeta potential of both types of MWCNTs (Fig. 2 and Table 2 ). Previous studies showed similar effects that the formation of a protein corona could inuence the zeta potential of NPs. 16, 30, 31 Thus, the data from this study might indicate that pre-incubation with BSA could inuence the diameter and surface charge of MWCNTs regardless of the surface functionalization of NPs.
We then used TEM to visualize the internalization of MWCNTs. Recently, we have also used TEM to visualize the internalization of XFM19 into HUVECs, and it was shown that MWCNTs were located primarily in the nucleus and mitochondria. 32 However, in this study it appeared that both types of MWCNTs were free in cytosol (Fig. 2) . The differences in the internalization of MWCNTs in this study and our previous study could be due to the relatively shorter exposure time and the use of serum free conditions used in this study. Interestingly, aer pre-incubation with BSA the internalization of MWCNTs was increased (Fig. 2) . Some studies have also shown that the uptake of NPs could be increased when NPs were coated with proteins. For example, Yallapu et al. found improved internalization of magnetic NPs by cancer cells upon incubation with human serum. 31 Similarly, Di Silvio et al. also observed increased internalization of magnetic NPs into Caco-2 cells aer incubation with proteins. 33 In another study, it was shown that interactions with heparin enhanced the uptake of NPs into macrophages. 34 However, it should be noted that uptake of NPs could also be reduced by incubation with proteins. For instance, Cheng et al. found that protein corona inhibited the internalization of Au NPs by both phagocytic and nonphagocytic cells. 35 Shannahan et al. showed that the formation of a protein corona reduced the internalization, and consequently the toxicity of Ag NPs to rat epithelial and endothelial cells.
36 Therefore, the inuence of the protein corona on NP internalization could be dependent on the types of NPs and cells and thus should be evaluated case by case.
The cytotoxicity assays showed that exposure to both types of MWCNTs was associated with decreased cellular viability, but not neutral red uptake. With the pre-incubation with BSA, the cellular viability of HUVECs aer both types of MWCNT exposure increased (Fig. 4) . This is generally in agreement with previous observations showing that the protein corona could mitigate the toxicity of CNTs. 13, 37 It has been suggested that MWCNT induced oxidative stress played an important role in the cytotoxicity. 7 To this end we measured the intracellular GSH and ROS to indicate the oxidative stress. It was shown that the pre-incubation with BSA signicantly increased the intracellular GSH aer MWCNT exposure, whereas MWCNT induced ROS was not further inuenced by BSA pre-incubation (Fig. 5) . These data combined suggested that BSA could reduce MWCNT induced oxidative stress by preventing GSH depletion. Previously, it has been shown that the protein corona reduced NP induced oxidative stress by reduction of the NP oxidative potential or alteration of the anti-oxidant signaling pathway.
38-40
The data obtained in this study are consistent with previous reports, and the fact that BSA reduced MWCNT induced cytotoxicity could be explained by the fact that protein corona formation signicantly alleviated NP induced GSH depletion.
It was recently shown that the coating of the protein corona could alter the immunological identity of NPs. 41 For example, Kurtz-Chalot et al. 42 showed surface-functionalization dependent protein corona formation on silica NPs, which consequently inuenced the release of TNFa from macrophages. Similarly, Di Cristo et al. 43 showed that pyrogenic silica NPs interacted with more proteins and thus elicited a larger inammatory response in murine macrophages compared with precipitated NPs. In another study, Dai et al. 44 found that protein corona formation on an engineered NP surface deeply inuenced NP induced inammatory responses in human Fig. 7 The THP-1 adhesion to HUVECs. HUVECs were exposed to 64 mg mL À1 XFM19 (pristine MWCNT) and XFM21 (carboxylated MWCNT) with or without pre-incubation with BSA in serum free medium for 6 h, followed by the adhesion assay. *: p < 0.01, compared with control. Fig. 6 The release of IL-6 (A) and TNFa (B). HUVECs were exposed to 64 mg mL À1 XFM19 (pristine MWCNT) and XFM21 (carboxylated MWCNT) with or without pre-incubation with BSA in serum free medium for 6 h. The supernatants were collected and centrifuged prior to the measurement of IL-6 or TNFa by ELISA. *: p < 0.01, compared with control; #: p < 0.01, compared between the groups exposed to MWCNTs with or without pre-incubation with BSA. Fig. 5 Oxidative stress as assessed by the measurement of intracellular GSH (A) or ROS (B). HUVECs were exposed to 64 mg mL À1 XFM19 (pristine MWCNT) and XFM21 (carboxylated MWCNT) with or without pre-incubation with BSA in serum free medium for 6 h, followed by the measurement of intracellular GSH or ROS to indicate oxidative stress. *: p < 0.05, compared with control; #: p < 0.01, compared between the groups exposed to MWCNTs with or without pre-incubation with BSA. Fig. 4 Cytotoxicity as assessed by CCK-8 (A) or neutral red uptake assays (B). HUVECs were exposed to 64 mg mL À1 XFM19 (pristine MWCNT) or XFM21 (carboxylated MWCNT) with or without pre-incubation with BSA in serum free medium for 6 h, followed by CCK-8 and neutral red uptake assays to indicate the cytotoxicity. *: p < 0.05, compared with control; #: p < 0.05, compared between the groups exposed to MWCNTs with or without pre-incubation with BSA.
monocytes. However, most of the studies in this area used professional immune cells such as macrophages, and the immune responses induced by protein coated NPs to other types of cells are ignored. ECs play an important role in the regulation of blood vessel function, and exposure to NPs has been shown to induce inammatory responses of ECs. 5, 9 Results from the present study showed that IL-6 was only induced aer exposure to BSA pre-incubated MWCNTs (Fig. 6) , which suggested that protein corona formation on MWCNTs might amplify the inammatory responses. Similar observations were reported recently, that protein corona promoted NPs induced inammatory responses, although the researchers used macrophages rather than ECs.
17,43
The adhesion of monocyte to ECs and consequently the transformation of monocytes into macrophages is a hallmark of atherosclerosis. 5, 9 In this study, we quantied the adhesion of monocytes to HUVECs, and the results showed that monocyte adhesion could be induced by both types of HUVECs (Fig. 7) . The increased adhesion of monocytes to HUVECs aer CNT exposure has also been reported before. 25, 45, 46 However, to the best of our knowledge, no previous study investigated the inuence of protein corona formation on NP induced monocyte adhesion. In this study, it was shown that monocyte adhesion could be signicantly induced by MWCNTs with or without preincubation with BSA, which indicated that the protein corona might not be important in determining the adhesion. MWCNT induced IL-6 release was enhanced aer pre-incubation with BSA ( Fig. 6 ), but it has been shown before that IL-6 release is not correlated with MWCNT induced monocyte adhesion to HUVECs. 25 
Conclusions
In summary, the results from this study indicated that both pristine and carboxylated MWCNTs could be covered by BSA, which led to the change of diameter and zeta potential of MWCNTs. Pre-incubation with BSA increased the internalization of MWCNTs into HUVECs. This in turn led to reduced cytotoxicity of MWCNTs to HUVECs, associated with reduced oxidative stress. However, the inammatory responses were enhanced when the cells were exposed to MWCNTs preincubated with BSA. Since the presence of BSA also enhanced the cellular viability, release of inammatory cytokines and monocyte adhesion, these alterations are likely to be due to a combined effect of both MWCNTs and BSA. The data from this study might suggest that when assessing the toxicity of NPs to ECs, it is necessary to consider the interactions between NPs and proteins present in the blood.
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